Objective: There is a high cost associated with recording quality video and electroencephalography (EEG) data in National Association of Epilepsy Center (NAEC) level IV epilepsy monitoring units (EMU). This study considers potential quality measures in EMUs for generalized tonic-clonic (GTC) seizures: types of safety signals, response time, and visibility of patient's limbs for semiology. These quality measures have been summarized across 12 EMUs to estimate response times to GTC seizures and the quality of video data that is captured during admissions. Methods: Video electroencephalographies (vEEGs) from two prospective regulatory studies for the Brain Sentinel device were reviewed. A total of 232 subjects with a history of GTC seizures underwent routine clinical EMU stays. Fifty-four of the study subjects had 96 GTC seizures. The vEEG of events were reviewed for safety signal used, response time, and visibility of patient's limbs. Results: The average response time from members of the hospital team was 22 s from electrographic generalization (minimum −37 s, maximum 111 s, two no response). For caregivers, average response was 11 s (minimum −15 s, maximum 33 s, 45 not present/no response). In 73% of events, the patient visibility was limited at seizure onset. In 55% of events with limited limb visibility, the visibility was improved (by removing sheets or improving camera angle) N30 s after start of the event. The primary safety signals were as follows: an alert from outside the patient room (54%), button press (23%), hospital team present at seizure start (14%), caregiver vocal alert (6%), and no response (2%). Significance: The average response time of caregivers was twice as fast as the hospital team, underscoring the importance of having a person in the room during onset of a GTC seizure. Diagnostic yield could be improved with more timely removal of patient coverings. It was observed that when patients experienced a GTC seizure, 40% were fully or partially obscured for more than 30 s during the event, compromising the ability of epileptologists to evaluate semiology during seizure onset. Automated seizure alarms may help staff get to patients more quickly and improve diagnostic characterization.
Introduction
The aims of epilepsy monitoring unit (EMU) hospitalization are to diagnose, obtain improved seizure characterization/quantification, or assist in presurgical localization of seizure onset [1] . The average duration of an EMU hospitalization is typically 3-4 days [2] and may cost $40,000 [3] . Generalized tonic-clonic (GTC) seizures may be infrequent and only last 1 to 2 min. Because of this, each second of video may cost several hundreds of dollars to collect. The diagnostic utility of video electroencephalography (EEG) is optimal when the event is identified quickly, and the patient is in full view of the camera. This study evaluates the time to detect GTC seizures and the time that it takes to record an unobstructed video of patients during these events. Most of the literature regarding quality measures in the EMU focuses on the number adverse events (e.g., falls, injuries) that occur during EMU hospitalization [4] [5] [6] [7] [8] [9] [10] . While these studies provided a very good measure of safety in the EMU, there are few studies regarding the response time to events and the diagnostic utility of data acquired. The application of guidelines is extremely variable between EMUs. A survey of 257 physicians found a wide variation of standards for EMU practice, with no clear consensus on many topics. [11] There are published guidelines for safe and effective EMUs, all of which highlight the importance of continuous patient supervision and rapid response to events [12] [13] [14] [15] .
There have been few investigations into the response time to events. For example, Shin et al. [16] performed an investigation in which they studied safety signals in the EMU (nurse call button, patient noise, Epilepsy & Behavior 89 (2018) [84] [85] [86] [87] [88] push button, and telemetry). They reviewed the first 50 GTC seizures, 50 psychogenic nonepileptic seizure (PNES), and 50 complex partial seizures from a retrospective review of 468 consecutive patients in a single center EMU. The average response time from the time of the safety signal was 20.3 ± 25.3 s for GTC seizures, with four missed events. It is unclear what was the average time between electrographic generalization and the onset time of the safety signal.
We propose that time to respond to a GTC seizure and ability to observe the patients' seizure semiology on video are quality indicators for the EMU. To this end, we evaluated types of safety-signal-event alerts, response times of hospital team members and caregivers, and visibility of patient limbs during GTC seizures in the EMU. This study can provide key details that may elucidate or inspire methods to improve the quality of diagnostic information recorded in the EMU.
Methods
Video-electroencephalography (vEEG) data collected at 12 Level IV National Association of Epilepsy Center sites in the US were retrospectively reviewed. This dataset combines vEEG from two clinical trials whose primary outcomes have been published [17] . The inclusion and exclusion criteria of both studies were similar. The combined dataset included data obtained prospectively in subjects aged 3-72 years with a history of GTC seizures (either generalized onset or focal to bilateral tonic-clonic seizures) admitted for EMU monitoring as part of their standard clinical care.
There were 96 GTC seizure events, which were each identified by at least two board-certified epileptologists. Video electroencephalography of the 96 events (54 patients, 1.81 events/patient) were reviewed for types of safety signals used, hospital team and caregiver response times, and the visibility of patient's limbs on video.
Safety signals
Each event was categorized into one of the following safety-signalalert categories: button press, vocal alert by the caregiver, hospital team in the patient room at event onset, and hospital team identified and alerted the event from outside the patient room (such as an alert triggered by the technician viewing vEEG or the EEG software alarm). Retrospective review of vEEG data does not identify whether EEG technicians or nurses identified the events. All participating EMUs had 24/7 technician viewers.
Response time
The time of response of the hospital team and caregiver (if one was present) was recorded. A caregiver was defined as an individual not part of the hospital team who was in the room with the patient. Of the 96 events, 46 events had a caregiver present at event onset (EEG generalization). This time was marked at the time that the responding individual was at the bedside of the patient. The response time was calculated as the difference between the time of response and the time of EEG generalization.
Visibility of GTC seizure semiology
At the start of EEG generalization, the patient's limbs were classified as either fully in view, partially in view (2 or more limbs covered or off camera), or completely not in view (all limbs covered or were off camera). The time that the covers were removed was recorded. The amount of time covered was calculated as the difference between the time of cover removal and the time of EEG generalization.
Statistical analysis
We characterized the distribution of the time of day of seizures by comparison to a uniform distribution using a Kolmogorov-Smirnov goodness-of-fit test. We tested that the time of day for different safety signals were drawn from the same population using an Anderson-Darling k-sample test. Pairwise comparisons of the times for the different safety signals were performed using a two-sample KolmogorovSmirnov test with Bonferroni correction for multiple tests. Fisher's exact test was used to test if the safety signals used were correlated with caregiver presence or absence.
The distributions of hospital team response times and cover removal times were characterized in an effort to understand their relationship with GTC seizure's electroclinical and semiological timeline. We sought to investigate factors that may be correlated with hospital team response times and cover removal times. We used linear mixed effects models to model variables that potentially affect these two outcomes of interest during a seizure event. Since some patients had multiple seizures, patient was incorporated in all models as a random effect in order to account for nonindependence between observations. The type of safety signal, cover status, and the presence of a caregiver were treated as fixed effects. Study site was treated as a random effect. We used a likelihood ratio test statistic to obtain p-values for the effects of interest.
Results
Prospectively collected vEEG data from twelve EMUs in the US were reviewed by three independent epileptologists. Using a majority rules approach, ninety-six GTC seizures were identified. Duration of electrographic and semiological information was summarized by the independent epileptologists. The primary author, KM, summarized the time to response and time to patient being unobscured in the video. Fig. 1 shows a timeline of key time points during a GTC seizure: EEG start, EEG generalization (EEG Gen), first motor manifestation (FMM), tonic start, tonic end, clonic start, clonic end, and EEG end. Following electrographic generalization, the average time to bilateral appendicular tonic extension (tonic start) was 17 ± 1 s. The average time for the clonic phase to end was 71 ± 4 s. (Time points were derived from averaging the data annotated by the 3 reviewer epileptologists that were previously reported in the two clinical trial studies).
GTC seizure event timeline

Distribution of seizure times
The time distribution of all events is shown in Fig. 2 . A KolmogorovSmirnov test indicates that this distribution is not uniform (p = 0.0064). The peak seizure period was midnight to 8:00 AM, with fewer events occurring during the evening from 4:00 PM to midnight. Splitting the day into thirds, 47% of seizures occurred from midnight to 8:00 AM, 32% from 8:00 AM to 4:00 PM, and 21% from 4:00 PM to midnight.
Safety signals
The most common safety signal to a GTC seizure event was an alert by hospital team from outside the patient room (54%). The second most common safety signal was a button press (23%) (Fig. 3A) . Two GTC seizures had no response by either the hospital team or a caregiver. The types of safety signals were used at different rates during different times of the day (p = 0.038). Fig. 3B shows the distribution of the time of day that each type of safety signal occurred. The "Hospital Team already in room" had a significantly different time distribution from "Alert outside room" (p = 0.0058).
Response time
Caregivers were present for 49% of events and had significantly faster and lower variability in average response times than the hospital teams (11 ± 1 s vs 22 ± 2 s, p = 0.00031, Fig. 4 ). The average caregiver response time was 6 s before the start of the tonic phase of the GTC seizure, while the average hospital team response time was 5 s after. We modeled the effect of various factors on response time of the hospital team in independent linear mixed effects models. Safety signal (p = 2.11 × 10
) and caregiver presence (p = 0.011) were significantly associated with response time, and study site was not (p = 1). The average hospital team response time was 6.8 s slower when a caregiver was present. Two GTC seizures did not receive a response from a hospital team member and no caregiver was present. Because of the retrospective nature of this study, the circumstances leading to the absence of a response are not clear. These two seizures are omitted from the analyses regarding response times and patient visibility but clearly represent a safety issue in the EMU.
Compared to an alert from outside the room, the average response time was 13 s faster on average when the hospital team was already in the room (p = 7.3 × 10 −5 ), and 7 s slower when the safety signal was a button press (p = 0.0094). Caregiver vocal alert was 6 s slower on average than an alert form outside the room, but the difference was not statistically significant (p = 0.159). The type of safety signals used were significantly different depending on whether a caregiver was present (p = 2.38 × 10 −7 ), with 73% of alerts outside of the room in the absence of a caregiver and 87% of button presses with the presence of a caregiver. Thus, caregiver presence is confounded with safety signal, the latter of which is more strongly associated with hospital team response time. Taken together, these results show that hospital teams' response times differ between safety signals that the presence of a caregiver is correlated with the distribution of the types of safety signals used and that on average, when present, caregivers respond more quickly than the hospital team.
Visibility of GTC seizure semiology
At EEG onset, 27% of events were not covered, 27% were fully covered, and 46% were partially covered. Of the fifty-two covered events, nine were due to camera angle issues, and forty-three were due to bed coverings. The covers were removed (or camera angle adjusted) after 38 ± 4 s for the fully covered events and 38 ± 3 s for partially covered events (Fig. 5) . We modeled the effect of various factors on cover removal time in independent linear mixed effects models. None of the variables measured were significantly associated with cover removal time including safety signal (p = 0.342), initial cover status (p = 0.077), caregiver presence (p = 0.488), or study site (p = 1).
Discussion
Modern EMUs are designed to capture precise EEG recordings with simultaneous video of seizure semiology. Generalized tonic-clonic seizures captured in this cohort lasted an average of 71 s from EEG generalization to the end of the clonic phase. Considering the high cost and terse length of GTC seizures, a clear view of the patient is an important aspect to the effectiveness of an EMU stay [18, 19] . Patients in this cohort were admitted to EMUs that have optimized their staffing to provide the best care possible (NAEC level IV EMU).
During the mid to late morning hours (8:00 AM-12:00 PM), seizures were most often alerted by the hospital team from inside the patient room. This was likely due to the typical schedule of morning rounds in a hospital setting. Outside of the morning rounds, most GTC seizures were alerted by hospital staff from outside the patient room (e.g., EEG technician or nursing staff monitoring vEEG). Despite this, a Kernel regression analysis revealed that time of day was not a predictor of improved response time (supplementary figure) .
Twenty-two events were alerted by a button press. Two of these button presses were issued by a patient, when the event had a particularly long aura. A caregiver pressed the alert button in only twenty of the forty-six events with a caregiver present. Automated methods for GTC Fig. 1 . Timeline of key GTC seizure time points; EEG start is the first indication of seizure activity on EEG; FMM is the first motor manifestation of the seizure (can include focal motor signs of seizures evolving in to a GTC seizure); EEG gen is the time of generalization on EEG; The blue and black shaded boxes show the average start time and duration of the tonic and clonic phases, respectively; EEG end is the last indication of seizure activity on EEG. seizure detection may be able to improve the quality of vEEG recordings where patients are not continuously monitored.
Two GTC seizures in these prospective multicenter studies were not recognized by the hospital team, and in both cases a caregiver was not present. In retrospective review, it is not possible to determine how this happened. Review of subsequent video suggests that these patients recovered from these events with no sequela. In the ambulatory patient, it is estimated that 41.7% of secondarily GTC seizures in a home setting go unrecognized [20] .
Tending to the patients early after seizure onset may be pivotal for describing the semiology of the GTC seizures. Determination of the tonic and clonic phase durations are of particular interest since there is some evidence that supports the relationship of longer tonic phases to post-ictal generalized suppression and shorter clonic phases to sudden unexpected death in epilepsy [21, 22] . On average it took 38 s for covered patients to be uncovered or for the camera angle to be adjusted, and 20% were never uncovered. The start of tonic was 17 ± 3 s after the start of EEG generalization and lasted for 17 ± 1 s. With an average caregiver response time of 11 s, events with caregivers in the room had a person bedside before the start of the tonic phase, whereas the average arrival of the hospital team was after the transition to bilateral tonic extension. Overall, response time in the EMU may be improved with automated seizure detection.
It should be noted that the response time of the hospital team was faster when there was not a caregiver in the room. This could potentially be due to their knowledge that a person was already attending to the patient when a caregiver was present, allowing them more time to gather help and equipment for their intervention. When patients were covered or obscured from the camera, it took an average of 38 s after EEG generalization for the covers to be removed. This time point is generally well into the clonic phase of a GTC seizure. Each second, especially the semiology near electrographic onset, is important for describing GTC seizure characterization. It is important to be able to view motor activation to make the best possible diagnosis. With the large time and expense of a patient stay in the EMU, maximizing the quality of the recordings may be improved by automated detection of events.
There was some inconsistency in the attention that the hospital teams paid to ensuring the patient was in full view of the camera. In some cases, it was clear that the protocol was to immediately remove the covers upon entering the room. Other teams tended to perform interventions such as giving oxygen and assessing patient monitoring equipment before removing the covers. In some events, the camera angle was not focused on the patient at the start of the event. This was usually corrected by a person in the control room during the seizure, but still often resulted to a nonideal viewing angle during the tonic phase of the seizure and to a blurry video during the camera adjustment.
Another factor affecting patient visibility is the obstruction caused by the movements of the caregivers and hospital team during events. For clarity, only major obstructions that were present at EEG generalization were included in the data of this study, but it should be noted that the hospital team and caregivers frequently block the patient's body from the camera at various points throughout the event. Caregivers often lean toward the patient's face, obscuring the face and one side of the upper body from view. Some events had large hospital teams, with up to six people surrounding the patient at once. These large teams almost always obscure parts of the seizure because of the number of bodies in the room. Instruction about the importance of ensuring that the patients' full body is viewable to the camera as quickly as possible and is not obscured by interventions made during the event could improve classification of seizure semiology in the early stages of GTC seizures.
Conclusion
The response time to GTC seizures across the sites was consistent; however, a clear consensus in the order and timing of interventions was not observed. An increased hospital team response time with a caregiver present suggests that caregivers increase staff bias. There was a wide variety of the number of responders, order of treatment interventions, camera angles, and patient cover removal times.
Specialized tools may also be able to improve the diagnostic value of an EMU stay. To improve visibility of patient limbs during seizure events, automated tracking of patients on video, or even a specialized blanket (e.g., form-fitting, translucent, or sheer), might improve the visibility of patients at seizure onset. Additional monitoring devices that record surface electromyography, accelerometry, or angular movement may provide evidence to support the findings in the EEG in case information from the supporting video is not properly positioned or recorded. Automation techniques such as GTC seizure detection or prediction may assist in calling hospital or nursing staff to the room sooner. A caregiver or hospital team member should always be present when a GTC seizure occurs to provide supportive intervention and prevent injury or even sudden unexpected death in epilepsy (SUDEP). Automated detection and alarming of GTC seizures may prevent these events from being missed altogether by the hospital team or caregivers. This is important for both hospital and home settings.
